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ANALYSIS OF A PRFSSURE-JET POWE3 PLANT FOR A E E L I C a p T E R  

By Richard P. Ilrebs and  William S. Mlller, Jr. 

An analysis of a pressure-jet  power  plant  for a helicopter  was  made 
at  the Lewis laboratory to determine  suitable  values  for  the  prineipal 
power-plant  design  parameters.  Pressure  ratio  of  the  auxiliary  compres- 
sor,  tip-jet  temperature,  burner  area,  blade-duct  area,  and  rotor  tip 
speed  were  varied;  the  effects  of  these  variations on power-plant  spe- 
cific  thrust  and  thrust  specific  fuel  consumption are presented. Cam- 
parison of a series of pressure-jet  power  plants  installed in an assumed 

calculated  hovering  duration and flight  range. 

rl 
I g? helicopter of 30,000 pounds gross weight  is  presented on the  basis of 

Specific  thrust  of  the  pressure-jet power plant was found to  in- 
crease  with  increasing  pressure ratio of the awiliary cqressor and 
with  increasing  jet  temperature. For jet  temperatures  lower  than  about 
2200° R, thrust  specific  fuel  consumption  improved  with  decreasing  pres- 
sure  ratios. For jet  temperatures  between 22W0 and 4 0 0 0 O  R, thrust  spe- 
cific  fuel  consumption mrovedwith increasing  pressure  ratios.  When 
blade-duct  Mach  numbers  were low,  system  pressure  losses  due to blade- 
duct  friction  and mmentum pressure  losses i n  the  tip  burners  bad an 
insignificant  effect on specific  thrust. At  high  duct Mach numbers, 
duct  friction losses and burner mmentum losses  (unchoked  burner}  had 
nearly  equal  effects on specific thrust. 

Comparison  of a series  of  pressure-jet  power  plants  installed in a 
30,000-pound  helicopter  demonstrated  that  flight  performance in hovering 
and forward  flight was poor at low design  jet  temgeratures  and l o w  design 
preisure  ratios  when the blade-duct  area was 30 percent  and  the  burner 
area was 45 percent of the  blade-section area. Significant  Improvement 
in flight  performance W&E obtained  at low design  Jet teqeratures when 
the  duct area was increased to 50 percent of the  section  area  and  the 
burner  area w&s Fncreased to 75 percent of the  section  area; only s m a l l  
gains, however, were realized at best d e s i g n  temperatures  and  pressure 
ratios.  &cause  of  higher  thermal and prapulsive  efficiencies,  the 
variable-area  tip-nozzle  configuration  gave  -ked  flight  performance 

weight had no significant  influence on the  choice of optimum  parer  plant 
for  fixed  rotor  geometry. 

t superiority mer the  fixed-area  nozzle  configuration.  Helicopter grdss 
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The  design and operational  advantages  inherent  to  the  jet-driven 
helicopter  rotor  are well known. In comparison  with  the  shaft-driven 
rotor,  the  jet  rotor  is s h m  in references 1 and 2 t o  provide  direct 
reductions in helicopter  empty  weight  and  to  increase  the  pay-load 
capacity  by (1) eliminating  the  gear-reduction  train  between  the  rotor 
shaft  and  the  power  plant, (2) eliminating  the  antitorque  tail  rotor, 
and (3) using a power  plant  of low specific  weight. 

In other  analyses  (ref. 3, e.g.)  the  performance  characteristics 
that  are  unique  to  several  different  tip-mounted  power  plants  are  ex- 
amined. Although  heavier than the r a n  jet or pulse  jet,  the  pressure 
jet  with t i p  burning is shown to be  particularly  applicable  to  Large 
helicopters  because of ita  characteristic  high  unit  thruat. W i t h  the 
pressure  jet,  rotor  performance  is not significantly *aired by  the 
external  drag of excessively  large  tip  units. Furthemre, the pressure 
jet is not  subject to the  high-tip-speed  limitations of the  pulse  jet nor 
to  the  ram-recovery  problems of either  pulse  jet or ram Jet resulting 
from  large  variations  in  hilet  angle  of  attack. 

As part  of a program  devoted  to  the  study of jet  propulsion  a8  ap- 
plied  to  helicopters, an analysis of the  pressure-jet  power  plant  was 
made  at  the NACA Lewis laboratory Fn mder to  determFne  suitable  values 
for  the  primary  design  parameters of the  pressure-jet system. The  pres- 
sure  ratio of the  auxiliary  compressor  and the tip-jet  temperature  were 
varied,  and  the  effects on pressure-jet  performance  were  calculated. 
Several  additional  parameters having a significant  effect on pressure- 
jet  performance,  namely,  duct area, burner  area,  and ro tor  tip qeed, 
were a l s o  varied;  the  effects on power-plant  performance  .were  determined. 
Many of  the  design  parameters  that  affect  parer-plant  performance  (e.g., 
tip  speed) also affect  helicopter  rotor  performance.  Therefork, in or- 
der  to  determine  the  over-all  effects  of  variation in power-plant  param- 
eters on the  combined  system  performance,  the  flight  performance of an 
assumed  pressure-jet  helicopter  was  investigated.  The  performance  of a 
series of pressure-jet  power  plants  is,  however,  presented  separately 
from  that  of  the  combined  system,  and a comparison of power-plant  per- 
formance is made on the basis  of  calculated  net  specific  thrust  and  net 
thrust  specific  fuel  consumption. 

Inasmuch  as  helicopter  weight and rotor  power  requirements  decrease 
continuously  during  flight, a corresponding  reduction in the power aut- 
put  of  the  pressure-Jet  system  must  be  made. In this analysis, opera- 
tion of the  pressure-jet  power  plant  was  investigated  for  the  design- 
point  and for part-load or off-design-point  conditione. Frm the  a$- 
sumed  helicopter  configuration, an off-design  parer  achedule for the 
power  plant  was  calculated, and practical  values  for  blade-duct  and 
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. 
tip-burner  areas  were determines. Performance  of a series of pressure- 
jet  power  plants  installed in 8 helicopter of fixed gross weight was in- 

calculated  duration i n  all-hovering  flight  and  range fn forward  flight. 
. vestigatea  for two flight plans, comparison  being  made on a basis  of 

ASSUMPTIONS AND ANAI;ySIS 

Description of Pressure-Jet  System 

The  pressure-Jet  system  investigated  herein is s h m  schematically 
in figure 1. A gas-turbine  engine of the turboprap  type was assumed 
direct-coupled  to an auxiliary  compressor  that  provides  ccrmpressed  air 
to the  tip  burners.  The  auxiliary capressor rotates at the  gas-turbine 
shaft  speed,  thereby  eliminating  the,integral  reduction  gear  of  the  tur- 
bqerop  engine.  Air frm the  conrpressor is ducted  to  the  rotor  hub  and 
aut  through  the  blade  ducts  to cmbustion chambers  at  the  blade  tips 

M where  additional  fuel  is  burned.  Reaction frcen the  tip  jets  furnishes 
cd the  torque to drive  the  rotor. No assist in f o m r d  flight was assumed 0 

P from  the Jet thrust  of  the  gas-turbine  engine. The location of the 
3 pressure-jet  components in the assumed  helicopter is @yen in figure 2. a' 
u 

- Gas-Turbine  Engine 

The g ~ s  turbine  used  to  drive the auxiliary  compressor  was assumed 
typical of current  turboprqp  engines in the 2000- to 3000-horsepower 
class.  Reference 4 shows that, for an engFne of t h i s  type,  horsepower 
per  unit air f l o w  is relatively  constant for pressure  ratios  from 6.0 
to 8.0 at a turbine-inlet  temperature of 200O0 R. From the  standpoint 
of parer-plant  simplicity and to  ensure law puwer-plant  weight, a 
single-spool campressor with a pressure ratio of 6.0 was assumed. 180 
attempt w&a made in the analysis to optimize  the  gas-turbine  design pa- 
rameters  for  specific  pressure-jet  installations.  Fuel.  consumption  of 
the gas turbine was a function of shaft  horsepower  output and &aft 
speed and is  given  graphically in figure 3. Specific  weight of the gas 
turbine  plus  auxiliary  compressor was based on an estimated  gas-turbine 
weight of 0.75 pound  per  shaft  horsepawer,  minus 0.25 (lb/shp) for  the 
gear  reduction  box,  plus 0.15 (lb/shg) for  the  auxiliary  campressor, 
giving a. total  specific  ueight of 0.65 pound per shaft horsepower for 
gas turbine plus auxiliary  ccnnpressor.  The  sensitivity of helicopter 
flight  performance  to  engine  weight was determined  by  arbitrarily in- 
creasing  the  assumed specsic weight from 0.65 to 1.0 (lb/shp)  and  re- 
computing the hovering the for one pressure- j e t  configuration. 
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The  auxiliary  conpressor  assumed  herein  is  representative  of 
present-day,  high-performance,  axial-flow  ccanpressors.  Compressor char- 
acteristics, shown in figure 4, are  assumed  independent of design  pres- 
sure  ratio  and  design  weight flow. Discussion  of  off-design  operation 
along  the cmgressor operating  line, dram through the maximum efficien- 
cy  plateau in figure 4, is  given in appendix A. The  effect of mall 
changes  in  campressor  ef-ficiency on flight  performance was investigated. 

Tip  Burners and Blade  Ducts 

Lo 

M 
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Experimental  investigations  reported in reference 5 indicate  that 
extreme  centrifugal  a.cceleration6 may decrease  the  combustion  efficien- 
cies  of  tip-mounted  combustors  by  distorting  the  fuel-spray  pattern. 
When  accelerations  are  not  greatly i n  excess  of 400g's, however, C O ~ ~ U S -  
tion  efficiencies  nearly  equal  to those in a static  burner  are attaim- 
ble.  Except  for  the  highest  tip  apeed  investigated,  that  is, 900 feet 
per  second,  acceleration8 of the  tip  burners  considered  herein  are  less 
than 400g's and a combustion  efficiency  of 0.90 is  assumed.  The  assumed 
jet nozzle velocity  coefficient  is 0.95. 

. . . . . - . . . . . . . - - 

c 

Burner  areas  may  often  be  limited  by  profile-drag  considerations  of 
the  helicopter r o t o r .  The  faired  two-dimensional  tip  burner is prefer- 
able to  the  circular  burner f m  the  standpoint  of low rotor  drag and is 
therefore  assumed  herein.  Burner  areas  were  varied over a range  from 45 
to 75 percent  of the assumed  helicopter  rotor-blade  section  area and, 
because  the  burner  is  completely  faired  into  the  tip  airfoil  section, 
no corrections  for  external  drag  were  made  to  the  rotor  power 
calculations. 

Selectfon of blade-duct  areas  for  the  preesure-jet  system  will of- 
ten  require that a. .compromise  be  made  between  the law-pressure-drop re- 
quirements of the  pressure-jet  power  plant  and the low-profile-drag re- 
quirementa of the  helicopter  rotor.  The  blade-duct  area,  for  instance, 
must  be  large  enough  to  supply  conrpressed  air to the  tip  burners  without 
excessive  friction  pressure drop and, at the same  time,  be  of a practi- 
cal  size In view  of current blade  design  and  fabrication  procedures. In 
this analysis, two duct sizes were  considered: (1) a duct having an 
area  equal to 30 percent  of  the  rotor-blade  section  area,  and (2) a duct 
havbg an area equal t o  -50 perc.ent of t h e .  sec.tio-n  ares.  The  smaller 
duct  appears  entirely  realistic  with  existing  blade-  profiles  and  con- 
struction  methods,  while  the  larger  duct may require  some  modification 
of current  design  practice. 



NACA RM E54LZ3 5 

c 

Cycle  Calculations 

d The  analysis of the  pressure-Jet  cycle,  which  included  the usual 
cycle  losses,  considered  the  following: (1) inlet  diffuser  losses, (2) 
ccanpressor  efficiency, (3) friction  losses, (4) pumping  work  for  air and 
fuel in  the  blades, (5) mcanemtum  pressure  losses in the  tip  burners, (6) 
tip-burner  cambustion  efficiency,  and (7) tip-burner  exhaust-nozzle  ef- 
ficiency. For the  major  part of the  analysis,  the  friction  pressure 
loss was assumed  to  equal 2.5 times the dynamic  pressure in the  blade 
duct.  This  friction-loss  factor,  discussed in more  detail in appendix 
A, includes the friction  losses  of  the  fuselage  duct,  blade  ducts, turn- 
ing elbuwB, and  conibustor  flameholdere.  Burner  momentum  pressure loss  
was  calculated as a function-  of  burner bhch number  and  combustor  temper- 
ature  ratio. In the  analysis  the  ratio  of  burner  area  to  duct  area was 
varied f r m  1.5 to 2.5 in order  to  show  the  effects  of  burner  momentum 
pressure  losses on power-plant  specific  thrust.  The  effects on heli- 
copter  flight  performance  due  to  system  pressure  losses  were  studied 
by varying independently  the physical areas  assigned  to  the  blade  ducts 
and  to  the  tip  burners. 

In the  cycle  calculations,  design  pressure  ratio  and  design  jet 
temperature  were  selected and net  thrust  per  unit  air flow was  computed 
for a range of duct  Mach  numbers.  Results  were  plotted as  net  thrust 
per  unit  air flow against  net  thrust  per  unit  duct  area for a given 
pressure  ratio,  tip  speed, and ratio of burner area to duct  area. In 
the  typical power-avauable  chart  shown in figure 5(a), dashed  lines 
connect  points  of  constant  tip-jet  temperature and solid  lines  connect 
points  of  constant duct Mach number.  Details of the  cycle  calculations 
are given in appendFx A. 

Range of Pressure-Jet  Variables 

The  pressure-jet  parameters  were  varied  through  the  following 
ranges : 

(1) Pressure  ratio  of  auxiliary  compressor, 2.25 to 5.0 

(2) Tip-jet  temperature,  campressor-discharge  temperature  to 4000° R 

(3) Ratio of duct  area  to  section  area, 0.3 to 0.5 

(4) Ratio  of  burner  area to section  area, 0.45 to 0.75 

(5) Rotor  tip  speed, 500 to 900 feet  per  second 
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Off  -Design 

Design values for 
perature, and air  flow 
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Operation  of  Pressure-Jet  Parer  Plant 

adliary-compressor pressure  ratio,  tip-  jet  tem- 
were  matched  for  initial  hovering-power  require- 

- 
ments  at maximum helicopter gross weight. A reduction in the  parer  out- 
put  of  the  pressure-jet  system is required  as  fuel is consumed  and  the 
helicopter  weight  decreases.  Cruise  flight  represents  another  part-load 
condition  for  the  power  plant. Two methods  of  off-design  operation of 
the  pressure-jet  system  were  considered in this analysis. The  first 
method,  used  for  the  major part of  the  analysis,  assumed a variable-area 
tip-jet  nozzle;  the  6eCOnd methd assumed a fixed-area  tip-jet  nozzle. 

.. 

In off-design  operation  with  the  variable-ares  nozzle,  the gas tur- 
bine and  the  auxili&ry ccaqpressor are  held  at  design  values  of  speed, 
pressure  ratio,  and air flow,  while  the  fuel flow to  the  tip  burner and 
the  tip-jet  nozzle area are reduced  as  the  parer  requirements  decrease. 
In off-design  operation with the  fixed-area  nozzle,  speed,  pressure ra- 
tio,  and air flow of the  auxiliary  colqeressor  are  reduced  along  the op- 
erating  line of figure 4 and fuel flow to the  tig  burners  is  decreased, 
thereby  reducing  the power output of the  pressure-jet system. Further 
discussion  of  the  off-design  condition i s  given in appendix A. 

Reserve  Power 
.. .. 

Helicopter re~erve parer is assumed  herein  to  be 20 percent  higher 
than design  hovering power. With  the  variable-area  jet  nozzle,  reserve 
power is developed when the  jet  teruperature  is  raised  above  the  deeign 
value, witk the  pressure  ratio  and  air flow remaining  constant.  Because 
4000° R is  the  stoichiometric Umit for  tip-jet  temgeratures,  design  jet 
temperatures  were  restricted  to  values law en- to  provide  the  necee- 
sary 20 percent  reserve power at the stoichiametric limit. With  the 
fixed-area nozzle, the gas  turbine is assumed to run at 90 percent  rated 
speed in fnitial  hovering  flight,  and  reserve  power is developed  when 
the  gas-turbine  speed  is  raised  to  rated  value.  The  result-  increase 
in auxiliary-ccmpressor  pressure  ratio  and  weight flow provldes  the nec- 
essary resem parer  for  the  helicopter. 

- . . - . . . .. - " "" 

BELICOl?EZFi ComFIGURATICN 

A criterion f o r  the aerodymmic efficiency of the  Jet-driven  heli- 
copter  rotor  is  defined i n  reference 6 88 the  ratio of rotor thrulst gen- 
erated in hovering flight T to the tip-jet thrust required F,. Con- 
stant values for  rotor  solidity u, mean  lift  coefficient CL, and 
thrust  coefficient CT are shown to gLve constant  values for the  effi- 
ciency  ratio T/F,. These rotor design parameters were therefore fixed 

- 
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- 
for  the  major  part  of  this  analysis,  providing a rotor  of  const&  effi- 
ciency  for  flight  performance  comparisons of the  pressure-jet  helicop- 

are  considered  representative of present-day practice for  helicopters in 
the  30,OOO-pound  class.  Because  comparative  rather than absolute  flight 
performance  was  of  primary  interest, no sttapt was made  to  optimize  the 
rotor  aerodynamic  parameters.  The  degree  to wh ich  changes in the  heli- 
copter  configuration may aPfect  power-plant  selection  is discussed in 
RESULTS DISCUSSION. 

- ters. Combinstiom of  tip  speed,  disk  loading, and solidity  used  herein 

The following summarizes  the  fixed  parameters of the  assumed 
helicopter: 

General: 

Gross  weight, Wg, lb . . . . . . . . . . . . . . . . . . . . . .  30,000 
Number  of  rotors . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
Number of blades, b . . . . . . . . . . . . . . . . . . . . . . . .  2 
Fuselage  flat-plate  area, +, sq ft . . . . . . . . . . . . . . . .  36 
Structure  weight . . . . . . . . . . . . . . . . . . . . .  (appendix  B) 

Rotor: 
- Blade  airfoil  section . . . . . . . . . . . . . . . .  641-012 (smooth) . Type of blade . . . . . . . . . . . . . . . . . . .  Twisted, untaperea 

Bladetwist,deg.. . . . . . . . . . . . . . . . . . . . . . . .  -12 
B l a d e  mean l f f t  coefficient, EL . . . . . . . . . . . . . . . . .  0.42 
Rotor  solidity, Q . . . . . . . . . . . . . . . . . . . . . . .  0.073 
Tip loss factor, B . . . . . . . . . . . . . . . . . . . . . .  (ref. 7) 
Desi- thrust  coefficient, + . . . . . . . . . . . . . . . . .  0.0051 

The assuptian of constant rotor  solidity and constant thrust  co- 
efficient is sham in appendix B to fix the follarlng relations  between 
tip  speed, disk loading, rotor  diameter, and blade  chord: 

Tip 
speed, 
ft/sec 
500 
600 
700 
900 

Disk  Rotor  Chord,  Structure  weight 
loading,  diameter, ft 
lb/sq ft 1 It 1 ' 1 Gross weight 

Blsde-sec- 
tion  area, 

3.05 
4.40 

0. $05 6.44 112.0 

.327 3.58 62.2 9.90 

.360 4.60 80.0 6.00 

.380 5.37 93.4 
2.678 
1.859 
I. 368 
.828 

Tabulated values of the ratio of structure  weight  to gross weight . are  functions  of  the  rotor  diameter and disk  loading. Blade-section 
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areas  for  the 641-012 airfoil  are  tabulated  since  duct and burner  areas 
w i l l  be.given in RESULTS AND nrSCL?SSIcrN as  percentages of the  section 
area. 

.. 

Flight Plans - 

Helicopter  flight  performance was calculated  for 4x0 different - 

flight  plans.  One plan consisted of. Eqll-hqver.ing-fli@t  -out of the 
ground effect st s t w w d  seq-level cmditi-g.s... m e  other. PI+ con- 
sisted  of  forward  flight  at 83.knOtS at a pressure  altitude of 5000 
feet  but  at an ambient  temperature  corresponding  to  sea  level. The 
speed  of 83 knots corresponds  to a tip-speed  ratio p of 0.2 at a .. 

tip speed of 700 feet  per  second. An outline  of  the  calculations 
givFng helicqter pwer-require-d curyes for  these -flight pies 1s ~ 

given in appendix B. 

. -  

.. 
"" -8 

- .. ." 

m.  

" 

--  ." 

. -  
- 

Flight  Performance  Calculations 

During any flight  operation,  the helicqter gross  weight  continu- - 
ously  decreases as fuel  is  burned.  Parer  requirements  and  fuel- 
consumption  rate also decrease  continuously. In order  to  compute hov- 
ering  time  and  range for those  flights in which the  entire useful load - 
is fuel,  the  fuel  load was divided  into sFX equal  increments and the 
power  required  a~&t.he fuel caqsUrQ$ion-ra$e werecomputed for the BY- 
erage gross weight of the  helicopter in each of the six incremente. Ro- 
tor  power  requirements  were  calculated fr& r o t o r  performance  curves de- 
scribed in appendix B. Weight of the fuel tanks was  assumed  equal  to 
0.1 of  the  total fuel weight. For most  cases  with  variable-area  nozzle 
operation,  fuel consuqt ion of the gas turbine 1s constant  during  flight 
and was ccmputed from the  required  compressor  horsepower  and  the 
specific-fuel-consumption  curves of figure 3. The t ip- je t  temperatures 
for each  power  requirement  were  found  from  operating lines similar  to 
that sham in  figure 5(h); corresponding  tip-burner fuel flows  were 
found  from  the  charts of reference 8. The six incremental flight times 
were  determined by dividing  the  incremental fuel weight by the sum of 
the instantaneous fuel rates  for  the  gas  turbine and tip  burners. The 
total  flight  duration  is  equal to the sum of the  time  increments,  and 
flight range is  total  flight  tlme  multiplied by the flight  speed. 

. . - -. 

RESULTS AND DISCUSSION 

The performance of the  pressure-jet  power plant and the  performance 
of the  power-plant - helicopter  colnbination are separately  presented. 
In the  first  section  specific  thrust  and thrust specific  fuel consump- 
tion fo r  a series  of  pressure-jet  power plants are  given. The second 
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section c m e s  the  perfokPlance  of the 8- series of pressure-jet 
parer p k t s  on a basis  of  calculated  hovering  time and flight  range 
for  the  assumed  helicopter. 

Power-Plant  Performance 

Power-available  charts. - Results of the  cycle  calculations  for  the 
variable-area  tip-nozzle  pressure  jet  are  presented.  graphically in  fig- 
ures 5(a) to (p ) .  In this  series  of  parer-available  charts,  performance 
of  the  pressure-jet  system  is  given for a range  of  tip  speeds  from 500 
to 900 feet  per  second;  for  each  tip  speed, a range  of  pressure  ratios 
is given, for example, 2.25 to 5.0 at a tip  speed  of 700 feet  per'  sec- 
ond. At a gressure  ratio  of 2.5 and a tip  speed of 700 feet  per  second, 
the  ratio of the  burner  area  to  the  duct  area  is  varied fram 1.5 to 2.5. 

A representative  parer-available  chart  for a fixed-area  tip-nozzle 
pressure Jet is  given in figure 5(q). Here,  net  thrust  per  unit  duct 
area and jet  temperature  are  plotted  against  coordinates  of  campressor cu 

a- u- 
I pressure  ratio  and  air flow per  unit  duct  area. 

These  parer-available  charts can be extended, if desired, by the 
equations of appendix A to  higher  values of thrust  per  unit  duct  area 
for  the  variable-area  configuration  and,  for  the  fixed-area  configura- 
tion,  charts can be  constructed  for  additional  ratios of nozzle  area  to 
duct  area. 

Effects  of  system  pressure d r a p  on pressure-jet  performance. - Sys- 
tem  pressure drop, resulting  from  blade-duct  friction  'losses  and  tip- 
burner  momentum  losses,  decreases  the  net  specific  thrust as duct Mach. 
numbers  increase. This effect  is  demonstrated  by  the dawnward slope of 
the  constant  jet  temperature Uses with increasing  duct Mach number 
(fig. 5) and  is  particularly  evident in the  performance  charts  for  the 
low pressure  ratios (2.25 and 2.5). For low pressure  ratios, a given 
system presmre drop represents a larger  proportion of the smilable 
pressure than with  the  higher  pressure  ratios. At R pressure  ratio  of 
2.5 and a jet  temperature of 3oooo R (fig. 5(h)), specific  tbrust  is 
nearly  constant  for  duct Mach numbers  less than 0.14. Ln general,  nei- 
ther  friction  pressure  losses in the  blade  ducts nor  momentum  pressure 
losses in the  tip  burners  have a significant  effect on pressure-jet.per- 
formance  when & is low. However, at 3000° R, specific  thrust  is re- 
duced  approximately 18 percent  when & is  increased frm 0.14 to 0.34, 
showing the  influence of both  duct  friction and burner  mamentum  pressure 
losses.  The  individual  effects of these  two  sources of system  pressure 
drop are  illustrated in figure 6. 
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In figure 6, the  bottan  curve has been  redrawn  from  figure 5(h) and 
gives  specific  thrust  for  .a jet temperature of 3000° R and a pressure 
ratio  of 2.5 when  both  duct  friction and burner  momentum  losses  are  in- 
cluded.  The  middle c m  presents  specific  thrust  as a function  of yC 
for  assumed  zero  momentum  pressure loss in the  burner and duct  friction 
loss equal  to 2.5 tFmes  the  dynamic  pressure in the  blade  duct. For an 
increase in M, from 0.14 to 0.34, specific  thrust  is  reduced  about 9 
percent. The top  curve  gives  specific  thrust  for  the  alternate  case 
where  duct  friction  losses  are  neglected  and  burner losses are  computed 
from  burner  Mach  numbers  and  temperature  ratio.  Specific  thrust  is  re- 
duced  about 7 percent in this  case for an increase in yC f r m  0.14 to 
0.34. Comparison  of  the  three c w e s  indicates  that,  for  the  tempera- 
ture  ratio  given,  duct and burner  pressure  losses  contribute  about 
equally  to  thrust  reduction  at M ,  of 0.34. Further  increases in duct 
Mach  numbers  will  raise  burner  Mach  numbers  to  thermal  choking values, 
causing  specific  thrust  to  decrease  very  rapidly.  The  conditicm  of 
thermal  choking in the  tip  burner can be  delayed  to  higher  duct  Mach 
numbers  by  increases in the  cmbustion-chamber  ares. This effect  is 
illustrated  by a comparison  of  figures  5(h) and (j), in which the  ratios 
of burner  area t o  duct  area  are 1.5 and 2.5,  respectively. For  the 
smsller  burner,  figure 5(h) shows a specific-thrust  reduction  of 18 per- 
cent for an increase in M, from 0.14 to 0.34. Figure 5(j), on the 
other  hand,  gives  the  specific-thrust  reduction  as only 10 percent  for 
the  same  increase in &, illustrating  the  performance  benefits  accruing 
to  the  larger  burner. 

Specific  thrust  as  function of pressure  ratio and jet  temperature. - 
The  specific  thrust  of  the  pressure-jet  system is plotted  as a function 
of pressure  ratio and jet  temperature Fn figure 7(a). The data for  thie 
plot  were  obtained from the  pawer-available  charts for an assumed  duct 
Mach  number  of 0.1. At  this Mach number  specific  thrust i-s not  signifi- 
cantly  affected by system  pressure  losses. E~rsepWer developed  by  the 
pressure  jet  at a rotor  tip  speed of 700 feet  per  second  is  given i n  
figure 7 ( b ) .  The  figures show that both specific  thrust  and  rotor 
horsepower  per unit air flow increase with increasing  pressure  ratio 
and  jet  temperature. 

Gas-turbine  horsepuwer and fuel  cmsungption. - Because  the gas tur- 
bine  is  direct-coupled  to  the auxiliary compressor,  gas-turbine  horse- 
power equals  auxiliary-compressor  horsepower sd, for  constant  ccmpres- 
sor  efficiency,  is  independent of tip-jet-temperature and rotor  tip 
speed.  Gas-turbine  horsepower  required  per  unit air flow  through  the 
pressure-jet  system is given  as a function of auxiliary-compressor  pres- 
sure  ratio  in  figure 8(a). Fram.the assumed  gas-turbine  design-point 
specific  fuel  consungtion of 0.74 pound  per  horsepower-hour and from 
the  data of figures 7 ( s )  and 8(a), the  gas-turbine  thrust  specific  fuel 
consunq?tim  was  calculated  as a function of auxiliary-compressor  pres- 
sure ratio  and  jet  temperature and is plotted in figure 8(b). 



Specific  fuel  consumption  of  'pressure-  jet  power  plant. - Thrust 
specific  fuel conswmtian for  the  tip  burners is given as a function 
of jet  temperature Sna pressure  ratio in the lare; set  of  curves in 
figure 9. Ibtersections  of  the  tip-burner specific-fuel-consumgtion 
curves  with  the  horizontal axis indicate  the  "cold-jet"  condition  where 
no fuel is burned in the  tip  cambustors. 

Total thruet specific fuel consumption of the  pressure-jet  power 
plant  is  equal  to  the sum of the  specific  fuel  consumption  of  the  tip 

thrust  specific  fuel  consumption  of  the pmer plant,  plotted  as a func- 
tion  of Jet -temperature and pressure  ratio, is given in the  upper  set 
of  curves in figure 9. In the  jet  temperature  range  from 2500O to 
4O0O0 R, specific  fuel  consumption for the  pressure-jet  power  plant is 
best  for  the  higher  pressure  ratios. For jet  temperatures in the  lower 
ranges,  specific  fuel  coIlsumption  is  best  for the lower  pressure  ratios, 
with cross-over of the  specific-fuel-consmugtion  curves  occurring in the 
range  of  temperatures  between 1500' and 2250° R. Subsequent  discussion 

0 4  w 
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cn burners and the  specFfic fuel consumption of  the gas turbine.  Total 
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9 
0 will  show  that  this cross-mer of the  specific-fuel-consumption curves 
cd is a factor that influences  the  choice  of  power  plant  for  the  assumed 

Y- pressure-  jet  helicopter. 
6 
u Effect  of  rotor  tip  speed on parer-plant  performance. - Specific 

thrust  developed by the  pressure  jet  is  plotted  as a function  of  rotor 
tip  speed in figure  lO(a) for a pressure  ratio  of 3.0 and a jet  temger- 
sture  of 35W0 R.  Increased pumping work  for air and fuel in the  rotor 
blades  reduces  specific  thrust 6 percent  when  the  tip  speed  is  increased 
from 500 to 900 feet per second. This advance in tip  speed  is  shown  to 
increase  the  rotor  horsepower develqed 60 percent  (fig.  10(b)) and in- 
crease  thrust  specific  fuel  consumption  for  gas  turbine  @us  tip  burner 
13 percent  (fig. lO(c)). 

Effects of Power-Plant  Design %meters on Flight  Performance 

Auxiliary-campressor  presaure  ratio a d  tip-jet  temperature. - The 
flight  performance of the  assumed  30,000-paUna  helicopter  with a series 
of  pressure-jet  power  plants is given in figure ll. H e r e ,  hovering  tfme 
and  flight  range  are  plotted  as  functions  of  design  jet tqerature for 
design  pressure  ratios froan 2.25 to 5.0. Parer-pat design  coordi- 
nates,  pressure  ratio  and  jet  temperature,  are  defined  at  the maximum- 

' gross-*eight  hovering-power  condition and, in each  case,  hovering  time 
and  flight  range  are  given  for a fuel load equal  to  the  useful  load of 
the  helicopter. Minimrlm areas  were  assumed Fn t h i s  case for the  blade 
ducts and tip  burners,  that is, blade-duct area was 30 percent and 
burner area was 45 percent  of  the  blade-section  area.  Rotor  tip  speed 
was 700 feet  per  second. - 
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For  this  configuration, hopering time is maximum (5.45 hr) at a 
pressure  ratio of 3.0 and is  nearly  independent of design Jet temper- 
atures in the  range  fram 2100' to 4000° R. Forward  flight  range  is 
maximum (730 nautical  miles)  at a pressure  ratio of 3.0 and a design' 
jet  temperature  of 4Q00° R. A design-jet-temperate-limit  line  was 
drawn  at 3000' R to  indicate  the  highest  jet  temperature  that w i U  
provide a reserve  power 20 percent abwe havering pow-& when  jet  tem- 
peratures  are  raised in flight  to  the  stoichiometric  limit  of 4000' R. 

Pressure  ratios  higher  than 3.0 are  Shawn in figure ll to give  re- 
duced  hovering taes and  flight  ranges,  hoyering  time  dropping 9 percent 
and range  nearly 10 percent  when  the  design  pressure  ratio  ie  increased 
from 3.0 to 5.0 at  the  design Jet temperaim ~of"3000° R. This  perforn 
ance  trend  is  due in part to the  lower  parer-plant  weight of the low- 
pressure-ratio  system,  the  system w i t h  a pressure  ratio of 3.0 weighing 
approximately 25 percent  less  than t h e  system  with a pressure  ratio of 
5.0. This difference in  power-plant  wefght,  due  to  the  greater fuel 
load  carried, accm€s for one" of the  difference in hovering  time 
for the two presmre ratios.  The  superiority  in  specific  fuel  consump- 
tion for the  lower-pressure-ratio  system  explains  the  remaining  differ- 
ence  in  flight  duration.  Reference to figure 9, however,  which  gives 
power-plant  specific  fuel  consumption  as a function  of  pressure  ratio 
and  temperature,  reveals an apparent  contradiction to this statement. 
In that  figure  the  5.0-pressure-ratio  system  is shown to  have  slightly 
superior  specific  fuel  consumption  to  that  for  the  lower-pressure-ratio 
system  at a jet  temperature of 3000° R. The  apparent  contradiction  is 
explained by consideration of Jet temgerature as a function of elapsed 
flight  time for the two pressure  ratios. 

In figure 12, Jet temperature  is  plotted  against  elapsed  hovering 
flight time  for  pressure  ratios of 3.0 and 5.0 and for the  design  jet 
temperature of 300O0 R. Because  variable-area  operation  of the tip 
nozzle is assumed,  tip-jet  tenperatures  decrease  continuously as the 
flight pro resses.  The  curves  show  that Jet teqerdures are  reduced 
below 2000 R after 1.4 houri of hovering  flight. In figure 9, a jet 
temperature  of 2000° R is the  cross-over point for  the  specific-fud.- 
consumption  curves  at  pressure  ratios of 3.0 and 5.0; for lower  temper- 
atures,  the  3.0-pressure-ratio  system has the  better  specific fuel 
consmption. .. . 

Figure l l  shows  that  hovering  time drops off sharply as  design Jet 
temperatures  are  decreased  at  design  presmzre  ratios  of 2.25 and 2.5. 
Reference  to  the  applicable  power-available  cbart  (fig. 5(g)) for a 
pressure  ratio of 2.25 shows that this effect i s  a result of increased 
maanenturn  lossee in the tip burners and increased  friction  losses  in  the. 
blade ducts .  From  the  equations of appendix 38, the  design  value of net 
thrust  requfred  per  unit  duct srea was  calculated  as 2600 pounds  per 
square foot for  the  30,000-ppound helicqter with a tLp  speed of 700 feet 
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per  second. In figure 5(g), intersections  of  the  vertical  line, dr~m 
at 2600 pounds  per  square  foot on the  horizontal  axis, with the 4000’ 
and 35000 R jet  temperature  lines  occur  at  high  values  of &, where 
specific  thrust  is  decreasing  rapidly.  At & of 0.34, the 3000° jet 
temperature  line has a nearly  vertical  slope and has no intersection 
with the  desi- PJAx line. As Indicated in figure ll, hovering 
flight  at maximum gross weight  was  Impossible at a desi-  pressure ra- 
tio of 2.25 and a desi-  jet temperatme. of 3O0O0 R, because  the  re- 
quired  thrust was not  developed by the pressure-jet  power  plant. 

Tip-burner  area. - Hovering  time and flight  range  are  plotted 
against  design  jet  temperature in figure 13 for  the  previously sham 
burner  size  of 45 percent of the  blade-section  area  and  for two larger 
burners  of 60 and 75 percent  of  the  section  area. For these  results, 
the  blade-duct area was fixed  at 30 percent  of  the  section area and  the 
desia pressure  ratio  was 2.5. With  the  45-percent  burner,  thermal 
choking prohibited  hovering  flight  for  design  jet  temperatures  below 
about 2000° R, indicating  that  the  burner was too small for the  burner 
Mach  number and temperature  ratio. When the  burner  area was increased 
to 60 percent of the  blade-section  area,  momentum  pressure  losses  were 

perature  for a wider  range of temperatures,  except as affected  by  duct 
friction  losses. A further increase in the burner area to 75 percent 
of the  section  area  had  little  effect on flight  performance. 

- reduced  and  havering  time  became nearly independent  of  desigu  jet  tem- 

- 
Blade-duct  area. - Hovering time  and  flight  range  are  plotted 

against  design  jet  tempersture in figure 14 for the  previously  shown 
duct  size  of 30 percent  of  the  blade-section  area and for a larger  duct 
of 50 percent of the  section  area. The burner  .area in each  case was 75 
percent  of the blade-section area and the  pressure  ratio was 2.5. Im- 
provements in hovering time and flight  range  given  by  the  50-percent 
duct mer the  30-percent  duct  were  principally  due  to  decreased  duct 
friction  pressure  losses. A further  increase in the  duct  area  provided 
only a slight improvement in flight  performance at a pressure  ratio 
of 2.5. 

Combined effects  of  increased  burner and duct  areas. - In the  pre- 
ceding  sections,  it w a s  shown  that  flight  performance  at low design Jet 
temperatures and a pressure  ratio  of 2.5 is  significantly  improved  when 
burner  areas  are  increased frm 45 to 75 percent  of  the  section  area and 
blade-duct  areas  are  increased frm 30 to 50 percent  of the section 
area. SFmilar performance  improvements cazl be  realized,  of  course,  for 
other  pressure r8.tios. Figure 15 gives  hovering tfme and  range  as 
functions of design  jet  temperature  for  pressure  ratios  of 2.25 and 3.0 
when  the  75”percent  burner and 50-percent  duct  were  employed; for campar- 

t ison,  flight  performance  for 8 pressure  ratio  of 2.5 has been  replotted 
from figure 14. Eovering time is now maxhmm (5.55 hr) for E pressure 
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ratio of 2.5 and is nearly  independent  of  design Jet temperature  Over a 
wide  range.  Forward  flight  range is maximum (765 nautical  miles)  for a 
pressure  ratio of 2.5 and a jet  tenzperature of 3500° R, a value  slightly - 
higher than the  design  temperature  limit. A design  jet tqerature of 
3000' R, however, glves nearly  equal  range  while  providing  the  required 
reserve  parer.  Comparison of the fUght performance results gtven in 
figures II and 15 erghasizes  that  the  performance  benefit6  resulting 
from  the  use  of  large  burners and ducts  are  greatest  for  engine  qperat- 
lag conditione  where high duct Mach numbers are required,  that  is,  at 
low design  jet  temperatures and low design pressure  ratioe. 

u) 
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Rotor  tip  speed. - Because  constant  thrust  coefficient and constant 
solidity  were &6S~med f o r  the  rotors  of  this  investigation,  blade  chord 
and  blade-section  area  decrease with increasing  design t i p  speed;  the 
physical  areas  that  are  represented by the  ratios of duct  area to eec- 
tion  are8 and the  ratios of burner  area  to  section  area also decrease. 
System  pressure  losses  are  therefore  higher  at  the  higher  tip  speeds. 
The  effects  of  changes ia tip  speed on flight  performance  are  illue- 
trated in figure 16.. For these  calculations, a pressure  ratio of 3.0, 
a design  jet  temperature of 3000° R, duct area- o f  30 gercent,  and a 
burner  area  of 45 percent  of  the  blade-eection  area  were-used. In ad-" 
dition  to  the  system  pressure loss, two  other  factors  influence  the 
trend of flight  performance  with  changing  tip  speed: (1) Increased  tip 
speeds  improve  the  propulsive  efficiency of the  tip  jets;  and (2) in- .. 
creased  tip  speeds,  at  constant %, raise  the  profile and induced-drag 
power  requirements of the .blicqter r-otor. In the  tip-speed  range  from 
500 to 700  feet  per  second,  the  flatness of the  curves in figure 16 in- 
dicates  that  these  carnteretcting  effects  have newly cancelled and 
flight  performance is relatively  independent of tip  speed.  Between 700 
asd 900 feet  per  second,  increased  rotor  drag and increased duct losses 
overbalance  the gain in propulsive  efffciency and flight  performance 
euffers.  Inasmuch as Ccanpre6Bible-drag  divergence  was not included in 
the  rotor drag calculations,  the  curves  are  dashed  above 700 feet per 
second to indicate that the  flig.ht  performance  results  are  qetimistic 
in this  range. 
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Variable- and fixed-area  tip-jet  nozzle  operation. - Hovering  time 
and flight range are plotted Ln figure 17 for a power-plant  configura- 
tion in which the  tip-nozzle  area is fixed. For camparison, the flight 
performance  is also given  for  the  variable-area  configuration w i t h  cor- 
responding  pawer-plant  variables (P3/P2, 3.0; duct area, 30 percent; 
burner  area, 45 percent). No attemgt m e  made to optimize the power- 
plant  variables  for  the  ffxed-area  performance  calculatian, and off- 
design  operation for this  system was carried  art as described in ap- 
pendix A. The  superiority in flight  performance  of  the  variable-area 
nozzle  configuration  is  explained by consideration of the  thermal and 
propulsive  efficiencies of the pressure  jet. 

t 
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During  off-design  operation  with  the  fixed-area  configuration, 

sively  reduced. As shown in appendix A, jet  temperatures  remain  nearly 
constant  during thl8 process. On the  other hand, with  the  variable-area 
configuration,  pressure  ratio  and  air flow of  the  ccanpressor  are  held a t  
the  design  values  during  flight, and jet  tempemturee &re lowered by de- 
creasing  the fuel flow to the  tip burners. Comgarf60n of the two modes 
of qperation  indicates  that,  for a given  rotor  power, more tipburner 
fuel is required  for  the  fixed-area  configuration a6 flight  progresses 
because  pressure and air flow have  been  reduced. The result  of t h i s  
heat  addition at a lower  pressure is decreased thermal efficiency. Sim- 
ilarly, prapulsive  efficiency  for the variable-area  configuration  pro- 
gressively  irnpraves  during flight while  remaining nearly constant for 
the fixed-area  configuration.  Appraximate bitial and f inal  values for 
thermal,  propulsive, and mer-all efficiencies are cmgared for  the two 
nozzle  configurations in the  follarlng  table: 

. pressure  ratio  and  air flow of  the  auxiliary  compressor  are proses- 

~ ~ ~~ 

Variable  area 
Final Initial Final Lnitial 

Fixed  area 

Thermal  efficiency,  percent 

4.8 7.4 8.3 7.4 Over-all  efficiency,  percent 
48.0 41.0 59.0 41.0 Propulsive  efficiency,  percent 
10.0 18.0 14.0 18.0 

This  comparison of power-plant  efficiencies  shows a rise in over-all  ef- 
ficiency  during flight for  the  variable-area  configuration and a reduc- 
tion in over-sll  efficiency for the  fixed-area  case.  The  superiorfty in 
mer-all efficiency is  reflected in the  superiority in hovering  duration 
and range of the  variable-area  configuration. 

Engine  specific  weight  and  auxiliary-canpressor  efficiency. - 
Flight  perf'ormahce  results  presented in figures I L  t o  17 were based on 
as assumed  power-plant  specific  weight  of 0.65 pound per shaft horse- 
power  for  the gas turbine plus the  auxiliary  compressor.  Depending 
upon  the  power-plant  design  parameters,  total  power-plant  weights  were 
between 4 and 8 percent of the  helicopter gross weight. In order  to 
reveal  the  sensitivity  of  helicopter  flight  performance  to  engine 
weight,  the  power-plant  specific  weight  was  arbitrarily  increased  from 
0.65 to 1.0 pound  per shaft horsepower and calculations  similar to those 
plotted in figure l l  were  repeated.  These  calculations  showed  that  hov- 
ering  tlme  was  reduced  about 7 percent  for a =-percent  increase in  en- 
gine  weight. 

In order to reveal the sensitivity of helicopter flight performance 
to  chesges in auxi4ary-compressor  efficiency,  the  design-point  effi- 

performance  calculations  were  repeated.  At a design  jet.  t-erature  of 
3O0O0 R and a pressm ratio of 3.0, this  reduction in the  design-point 
efficiency  reduced  the hove- time  approximately  2.5-percent. 

c ciency for the  canqressor was reduced  from 0.87 to 0.84 and  flight- 

.I 
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Effects of Helicopter  Design  Parameters on Flight  Performance 

Pay load. - The  preceding  discussion on the  effects of parer-plant 
design  parameters on flight  performance was given for m e  .helicopter 
with a fuel  load  equal  to  its  total  disposable  load.  For a helicopter 
with a fFxed gross weight,  pay  load  is  accommodated only at  the  expense 
of  fuel  load.  Hovering  duration  and  flight  range  for the pressure-jet 
helicopter  designed  for maximum duration  and  range  are  given  as  func- 
tions of pay load In figure 18. With this helicopter, pay loads  of 
nearly 50 percent of the gross  weight  can  be  carried  for  missions of 
extremely  short  duration.  For  short-range  load-lifting misaione, use 
of a lower-pressure-ratio  pressure-jet  system  will  provide  more  thrust 

tion, allaring, therefore, somewhat heavier  pay  loads.  Unless  the"ro5or 
is specifically  designed 8 s  a law-speed  load  lifter,  huwever,  these im- 
provements  in  pay-load  capacity  are  very small, amounting t o  less  than 
a 0.5-percent  increase in pay  load for the  present  configuration. Fur- 
thermore,  selection of the  parer  plant  strictly on the  basis  of high- 
pay-load,  short-range  mission  requirements w i l l  significantly  decrease 
maximum hovering  or  range capabilitie6.a~ discussed  in  previous  sec- 
tions.  Therefore,  regardless  of  the  design  mission of the  pressure-Jet 
helicqpter,  the  parer plant  should.  be  deslgned  to give maximum poselble 
hovering  duration  and  flight  range.  With  this  power  plant,  performance 
is maximum for miesions of long duration and ia  very  nearly maximum f o r  
short-range,  hlgh-pay-load  missions. 

Per p- of POwer.-E&@nL .W.%&t"Ett. tae. eqsns-e-of epecific  fuel cons" . . - -. . . . 

Gross  weight. - For a rotor in which disk loading,  solidity,  and 
number  of blades are-held constiut,  changes- in helicqp%er-gross weigh€- 
will have no significant effect on the  choice of the  optimum  parer 
plant, imsmuch as pressure-jet  air flow, horsepower,  blade-duct  areas, 
and other  power-plant  parameters  are a l l  directly  prqportioaal  to gross 
weight. For helicopters of other gross weights,  however,  values for the 
rator  parameters  different fram those  assumed  herein  may be desirable. 
These  possible  variations in the  principal  rotor  parameters  that acca- 
pany a change Fn g r o s s  weight can effect  the  choice  of  optimum  power 
plant in the  manner  subsequently  discussed. 

Rotor gemetry. - An increase in the  number  of  rotor  blades  will, 
for  conetant  solidity,  generally  decrease  the  duct  area sv~ilable for 
a given  air flow. +e resulting  increase in duct Mach Ember places 
added  emphasis on the  higher  compressor presmie ratios . E t n a  Jet temper- 
atures with  possible  decrease in performance.  Similarly,  for  constant; 
rotor  solidity, an increase in diak loading w i l l  generally  decrease  the 
blade-duct  area  because of reduced  blade  chord  and  increase  the  duct 
Mach  number.  Because  the  external  rotor aerdynamics  are  affected in 
thi.s  case?  duct  Mach  number  is  further  increased by the  required  higher 
air  flow. In consideration  of  parer-plant  performance,  therefore,  it is 
desirable to select 8 rotor with a minimum practical  number of blades 
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and m i n i m u m  disk  loading. On 
lidity win increase  the  duct 
high solidities  are  therefore 
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the  other  hand, an increase in rotor so- 
area  available  for a given air flow, and 
desirable  for  best  power-plant  perform- - 

ante. In all cases,  selection  of  design  values fir the-pressure-jet 
helicopter  rotor will be  governed.  by  consideration  of  bath  power-plant 
performance and rotor  performance.  Detailed  examination of these  inter- 
acting  effects  and  explicit  investigation of the  effects  of gross weight 
are  beyond  the  scope of this ana lys ls .  

The 
ccpnputed 
atures. 

SUMMELRY OF RESULTS 

performance of a pressure-jet  power  plant  for a helicopter  was 
for a wide  range of compressor  pressure  ratios and jet  temper- 
!The  effects of rotor  tip  speed  and  burner  and  duct  areas  were 

also  investigated. 
" 

For all pressure  ratios,  the  higher  jet  temgeratures  gave  higher 
specific  thrusts, with maximum tip-jet  thrusts  being  developed  at  the 

Y stoichiometric  temperature lFmit of 400O0 R. In general,  rotor  horse- 
8- power  increased  about 60 percent  when the jet  temperature was raised 

from 200O0 to 4000° R for a given  preesure  ratio  and  tip  speed. On the 
other  hand,  thrust  specific f u e l .  consumption of the  tip  burner  plus gas 

at 2000' R. The minimum thrust  specific Fuel consumption and the  cor- 
responding  jet twerature were  functions  of  the  auxiliary-campressor 
pressure  ratio. 

- turbine  was  about 35 percent  higher at a jet  temperature  of 4000' than 

Inasmuch as there was no unique  combination  of  ccmrpressor  pressure 
ratio  and  jet  temgerature  which  would  give  both maximum thrust and mini- 
mum specific  fuel  consumption,  the  integrated  performance  of  several 
power-plant - helicopter  canbinstions  was  calculated. It was  found  from 
these  calculations  that  helicopter  performance in hovering  and  forward 
flight was relatively  insensitive  to  changes in the  principal  parer- 
plant  variables over a considerable  range. For example,  hovering  time 
within 10 percent of the maximum was obtained  for a range  of  pressure 
ratios  from 2.5 to 4.0 and  jet  temgerstures  from 250O0 to 4000' R. 

When blade-duct and tip-burner  areas  were  increased,  the  usable 
range of power-plant  variables  was qanded to  lower  pressure  ratios 
and lower  jet  temperatures.  For  example,  if  burner  and  duct  areas 
were  increased 67 percent  above  the  conservative  values that were in- 
itially  aBeumed,  hovering  times  within 10 percent of the maximum were 
obtained  with  jet  temperatures and pressure  ratios as low as 1750° R 
and 2.25, respectively. 
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For  the  range of rotor  tip  speeds  from 500 to 700 feet  per  second, 
hovering  time  and flight range  were nearly constant. At 900 feet  per . 
second, even without  allowance for rotor  compressible drag divergence, 
hovering  time and flight range  were 15 to 20 percent  lower  than at a 
tip  speed of 700 feet  per  second. 

For the  major  part of this  investigation,  variable-area  operation 
of the  tip-jet nozzle-was assumed. To prwide an indication of the  ef- 
fects of nozzle  configuration,  performance was calculated for a single 
pressure-jet  power  plant with a fixed-area  tip-jet  nozzle.  Although 
the  power-plant  variables w e r e  not optmized for the  fixed-area system, to 
the  30-percent  reduction in hovering  time and flight  rang&  that x88 call- 
culated for this configuration  gave  evidence of the  inherent  superiority 
of the  variable-area mode of qpe.ration. . .. . 

.. 

: 
.- - - - " - ... " - 

~ 
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APPENDIX A 

€"OFMANCE OF PFSSSURE-JET POWER PLANT 

w w 
UI 
UI 
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Cycle Calculations 

Torque  equilibrium  of  the  jet-driven  helicopter  rotor  is  estab- 
lished  when  the  rotor-blade  total  drag  force is balanced  by  the  net 
propulsive  thrust of the  tip-jet  units.  The  net  thrust of the  pres- 
sure  jet  is  equal  to  the  jet  thrust minus the  force  required  to pump 
the  air and fuel  fram  the hub to  the  blade  tips. A n  outline of the 
calculations  giving  net  thrust  per pound of air flow as a function 
of net  thrust  per  unit  duct  area  follows.  Subscript llzLmbers  refer 
to  station  nunibers in the  pressure-jet  system  and  are  identified in 
figure 1; symbols are defined in appendix C. 

The  net  thrust Fn of the pressure  jet is given  by  the  expression 

Fn = Fj - FP ( A 1  1 
The  equivalent  pumping  force Fp for  air and fuel i n  the  blades is 

- Fp = - wa (1 + 
g 

where k2 is a function of the  jet  pressure  ratio P6/pO and  the ra- 
tio of  specific  heats y (assumed  to  be 1.34 for  the jet). 

The  jet  pressure  ratio P6/po was  determined  by  tracing  the  total 
pressure through the  system  beginning  at  the  inlet of the  auxiliary  corn- 
pressor. At this  point,  the  ram-pressure  rise  was  neglected so that  the 
total  pressure at the  diffuser  inlet P1 was  "Laken  equal  to  the  ambient 
preesure po, or 

The  diffuser loss was  assumed  constant and therefore 

- =  p2 0.95 
PO 

(A5 1 
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The  discharge  pressure of the  ccmpressor P3 was  raised  above  that  at 
the cq'ressor face P2 by the  assumed compressor pressure  ratio,  or 

m i n u s  
force 

where 
puted 
for a 

Pg = 

The  pressure P4 was equal to 
the friction loss Q%, plus 
in the blades 1/2pxVt2, or 

that at  the  compressor  outlet Pg, 
the  pressure  rise due to centrifugal 

ul z .-. 
M 

the  density px and  the  air  velocity V, in the duct  were  com- 
fram  the  temperature and pressure  at the kmgressor discharge 
series  of  assunied Values for  the  dudt"Mhch number"%. The  fric- 

.. . - 

" 

. - .  

tion  pressure  factor kf waa assumed to equal 2.5 and  includes  the in- 
dividual  contribution6  of  the  fuselage  ducts,  blade  ducts,  elbows,  and 
combuetor  flameholderg.  .Calculation of the blade-duct  losses  using 
friction  coefficients  based on the  duct Reynolds nuniber  indicated  that 
this estimate of system pressure loss is conservative. 

The  momentum  pre-6sure. lOS6 -in the  burner was computed f o r  the cal- 
culated Mg and  total-temperature  ratio T6/T3.  The  jet  pressure  was 
found from -. . . . . . . . - - - - .  . L ""1 "".." .. . . 

. - . . . - . - . . . . -. . . . - - ." " ". . " - . . " . -. . - - . - . . - . ". . .  " 

Teqerature throughout  the  pressure-jet system was  found  in  the 
following  manner: 

(I) Total  temperature was assumed  constant through the  inlet  dif- 
fuser, or 

(2) The temperature r i s e  in the  carnpressor W&B calculated frm 

+ 1  

" . . ." 

For the  cycle  calculations  that  give  the  power-available  curvea, the 
auxiliary-compressor  .efficiency qc was  assumed  constant at 0.87. 

4 
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- 
(3 ) Heat  losses  from  the diu& air  through  the  duct w a l l s  were  as- 

sumed  to  balance  the  energy  increase  due  to  centrifugal cqression so 
that T4 = T3. 

(4)  The  temperature  ratio T6/T3 was computed from the  compressor- 
outlet  temperature T3 and the  assumed  jet  temperature %. 

From equations (Al) , (AZ), and (A3) and the  value of f/a f r o m  ref- 
erence 8, expressions giving the  net  thrust  per  pound  of  air  and  the 
net  thrust  per  unit  duct  area  were  derived  as  follows: 

-=(  Fn Wa  Wa(l FJ + f/a) g 

and 

Because  the  pressure  ratio across the Jet nozzle  was always greater 
than  critical,  the following relation  between  the  duct  area A, and  the 
tip-jet-nozzle area held: 

- 

- 
Ax " - 0.5741 p6/p3 

Off-Design  Operation of Pressure  Jet 

Variable-area  jet  nozzle. - In off-design  operation with a 
variable-area  jet  nozzle,  the  auxiliary  ccrmpressor is held  at  design 
values of speed,  pressure  ratio,  and  air flow, while  the  fuel flow to 
the  tip  burners  and  the  jet-nozzle  area  are  reduced as the  power  re- 
quired  decreases. The operation  of  the  pressure-jet  system  during 
this  power-reduction  process  ie  illustrated by the  operating line AB 
in figure 5(h). Point A gives  the  relation  between  the  thrust  per 
pound of air and the  thrust  per  unit  duct  area  at  the  design  hovering 
condition ( P ~ / P ~  = 2.5; T ~ , ~  = 3500~ R ) .  AS the  pressure-jet  parer  is 
reduced,  the  system  operatipg  point  moves along the  constant  duct Mach 
number  line AB. At  point  B,  the  jet  temperature has decreased to the 
compressor-outlet  tenperature  (cold-jet  condition) and the  fuel f l o w  
to  the  tip  burners has been  entirely  cut  off.  Further  reductions in 
pressure-  jet  power  are  obtained, if necessary,  by  operating  the  cam- 
pressor  at  design  speed  but  at a reduced  gressure  ratio,  obtained in . this  case  by an increase in the  tip-nozzle  area. 
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Fixed-area  jet  nozzle. - In off-design  operation  with a fixed-area 
jet  nozzle, the speed,  pressure  ratio, and air  flow  of  the  auxiliary' 
compressor  are  reduced  and  the  fuel flow to the  tip  burners  is  de- 
creased. T h i s  process  is  illustrated by reference  to the power- 
available  chart in figure 5 ( q ) .  The  assumed  ratio af the nozzle area 
to  the  duct  area As/% in this  plot is 0.6. Similar chart6  were c m -  
structed f o r  an apprapriate  range  of  tip-nozzle  areas. 

The operating  line  of  the  auxiliary  compressor (fig. 4 )  has been 
superimposed on the map of  figure 5 (  q} so 8s  to pass through  the  de- 
s i g n  pressure  ratio  and  the  required  initial  hovering  rotor  tip thruat 
(point C )  . Throughgut a .given _helicopt.%  fli&t,...the.  operating  point 
of the  fixed-nozzle  pressure-jet  system is found  at  the  intersection 
of the  compressor  operating  line  and  the  appropriate  thrust  line. As 
the  required  tip  t+st  decreases, the operating point of the system 
moves  along  the  line CD, intersecting  successively lower thrust-required 
values.  Because of the  character of the selected cqreesor qperating 
line,  the  operating  line  for the fixed-nozzle-area  pressure  jet  almost 
coincides w i t h  a constant-jet-temgerature line.  Consequently,  the as- 
sumed fixed-area  off-design operation of the pressure  jet a~roximtes 
constant-jet-temperature  operation. 

. "  . . - 

1 .  

" 

. I  

" 
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APPENDIX B 

EELICOPSIER DESIGN CONSLDERATIOHS 

Rotor  design  for  efficient  operation in  both  hovering  and  forward 
flight  represents a comgrauise. In both  flight  conditions,  optimum 
performance  results  when  the  rotor  is  operating  at mean blade  angles 
near  stall  (ref. 7). However , stall on the  retreating  blade  usually 
establishes  the  limit t o  forward-flight  speed,  and a design mean lift 
coefficient is selected  that  will  give  acceptable  rotor  performance in 
both  hovering  and  forward  flight. In reference 7, the  relation  between 
mean  lift  coefficient EL, thrust  coefficient %, and rotor  solidity 
u is  given  a8 

- 6% 
CL = - 

U 

%or  the  usual  range of design thrust coefficients,  higher  values of the 
quantity CT/u give  higher  rotor  hovering  efficiencies  while  limiting 
m a x i m u m  speed in forward  flight. A value of CT/a equal  to 0.07 was 
used  for  the  rotors  considered in this  investigation,  and  equation (B1) 

r gives a value  of 0.42 for  the  design m e a n  lift  coefficient. 

It  was  stated previously that a relation  ex2sts  between  tip  speed 
Vt,  disk  loading x, and  rotor  solidity u. Following are  the  details 
of this  relation: 

(1) With an assumed  tip  speed Vt of 700 feet per second  and a 
disk  loading w of 6.0.pounds per  square foot ,  the  design  thrust  coef- 
ficient  is 

(2) From  this  design  value  for CT, which was held  constant  for all 
rotors in this  investigation, and the  design ' of 0.42, a rotor so- 
lidity  of 0.073 is computed  from  equation (Bl) . 

(3) By using  the  above  constant  values of thrust  coefficient and 
eolidity,  the  relation  between  tip  speed,  rotor  radius,  chord, a d  
disk loading is calculated frm the  equations for % and a. 



24 NACA RM E5QL23 

Rotor  Performamx-Apalysis 

The  blade-element methd of rotor  -lysis  was  employed in this ln- 
vestigation  (ref. 7). In this  method,  analytical  integration of indi- 
vidual  element Uft-and drag  c&tributions  requires a power-series  ap- - 

proximation  to the airfojl-section  profile-drag  coefficient  ch.  The 
usual f o m  of the power series is: 

. . . . . - . . . . "" 

The  drag  characterfstics  of  low-drag  alrfoils  near  stalling  angles of 
attack o r  at high Mach  number6  complicate  the  task of selecting the 
power-series  constants. Eowever, it is demonstrated in reference 9 
that  reasonable  agreement  between  the  results  of  the  analytical  method, 
using the  conventional power series, acTIcl experimzntal  rotor  results is 
obtained if the  operating  condition leading to hL& advancing blade azigles 
of attack  combined  with  near-critical  tlp  Mach  nmibers Is avoided: This 
condition has therefore  been  established  herein as a limit to the useful- 
ness  of  rotor  performance  calculations.  Another  limit  is the usual one 
requiring  that  retreating  blade  angles  of  attack remain below stalling 
angles.  Section-drag  data  for  the 641-012 airfoil  (ref. 10) were  eval- 
uated f o r  a Mach  .nmiber  calculated  at  the  three-quarter  blade-radius 
point.  Constants of the  section-drag  power  series were determFned from 
these  data.  With  the  exception of t h e  900-foot-per-second tip-speed 
conditian, the drag-divergence power requirements  do not significantly 
affect  the  rotor  performance  results.  Inasmuch as calculated  helicopter 
range and hovering  duration  at a tip speed of 900 feet per second are 
inferior  to  the  performance  at 700 feet  per  second,  it was not  consid- 
ered  worthwhile to refine the  rotor  calculatians  to include drag- 
divergence power. 

i;, 

" 

. " 

Rotor Ewering Performance 

Rotor  performance in hovering  flight was calculated by u'se  of  equa- 
tion (B4). While this equation wa8 derived fo r  a ro to r  with ideally 
twisted  blades, It ts demonstrated in reference 7 that the equation 
can  be  used f o r  performance  calculations for a rotor  with  linearly 
twisted  blades. 

" 

. . . . . . . . 
" 

Typical  hovering  performance  results,  plotted as thrust  coefficient 
against  torque  coefficient for a tip  speed of 700,feet per second, are 
given in figure 19(  a). 

- 

I 

-..x 

.. . " - 
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- Rotor  Forward-Flight  Perf  ormanee 

Rotor  performance in forward  flight was obtained by the  method  of 
reference 11. Calculations  of  the  blade  angle of attack on the  retreat- 
ing tip  were  carried through for all flight conditions to propide a 
check  against  serious  rotor  stall.  spot  calculations  for  the  angle of 
attack on the  advancing  tip  were  made  for  the  higher  tip-speed  ratios 
‘Go ensure  that high blade  angles  did  not  occur in cdination wlth 
near-critical  tip a c h  numbers. 

A convenient  presentation of the  results  of  the  forward-flight  ro- 
tor  calculations is one in which  the  thrust  coefficient 0, is  plotted 
against  the  torque  coefficient CQ f o r  fixed  values  of  the  useful  drag- 
lift  parameter (D/LIu. One  such  plot  was  obtained fo r  each  value of the 
tip-speed  ratio p. The entire  calculation was repeated f o r  each  value 
of  the  rotor  tip  speed  Vt. A typical  forward-flight  rotor  performance 
plot  is  shown in figure 19 (b) . 

The  useful  drag-lift  ratio (D/L), is a measure  of  the  useful com- 
ponent of rotor  thrust in the forward-flight direction. In steady  for- 
ward  flight, this cqonent balances  the  fuselage  drag  force,  which  is 
fixed  for any given flight velocity. During a given flight plan, the 
(D/L)U  parameter wa6 calculated  and  used with the  rotor  performance 
charts to p r d d e  the helicqpter power requirements. 

‘r e 
u- 

Helicopter  Comgonent  Weights 

Component  weights  assumed  for  this  investigation  are  listed in the 
following table and are  considered to be representative f o r  a helicopter 
o r  30,000 pounds POSS weight: 

r 

Disk  loading,  lb/sq  ft 
Rotor rad.ius, ft 
Weight of components, lb 
Rotor  blades 
Hub 
T a i l  surfaces 
Fuselage 
Landing gear 
Controls 
Instruments 
IQ-draulic asd electrical systems 
Cmications equipment 
Furnishings 

Total weight, lb I 
Ratio of structure to gross weight 

I- 
3.05 
56.0 

3,315 
2,815 
180 

2,600 

3,242 

12,152 
0.405 

L. 

600 

4.4 
46.7 

3,080 

3-80 
2,295 

2,605 

3,242 

U, 402 
0.380 

ft/sec 
700 

6 .O 
40 .O 

2, - 
2,425 
180 

2,055 

3,242 

LO, 782 
0.360 

900 

9.9 
31.1 

2475 
2185 
180 
17343 

3242 

9812 
). 327 
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The 
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SYMBOLS 

following symbols are used in this  report: 

" 

. .  

area,  sq  ft . ." 

slope  of  curve of section l i f t  coefficient  against  section 3 
angle of  attack, per radian E+-- 

tip loss factor . I i . L . ." . . . . , . .  _ I  ..- 

number  of  blades  per  rotor .. . . . . . . . 

rotor  mean  lift  coefficient . . .... .-  .. - -  - .. . 

rotor  torque  coefficient 

rotor thrust caefficient 

jet-velocity  coefficient 

section  profile-drag  coefficient -. - 

equivalent  useful drag-lif t parameter 

- 

. . -. 
-*  

pressure-jet  thrust, lb 

pressure-jet  net  thrust, lb 

equivalent p w i n g  force, lb . "  

. .  
.. . I" 

. "" 

." - ..._ "L 

.. 

fuel-air  ratFo of tip combustors 

gravitational  constant 

friction  pressure-loss facta 

Mach nmiber 

total  pressure, lb/sq ft 

total-pressure loss due  to  duct  friction, lb/sq ft 

static pressure, lb/sq ft 
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- 
q dynamic pressure, lb /sq  ft 

.. R rotor radius, ft 

T r o t o r  thrust, lb 

Ti 

V velocity, ft/sec 

t o t a l  temperature,  power-plant stations i = 0 to 6, OR 

Wa air flow through auxiliary compressor,  lb/sec 

w13 

W rotor disk loading, Ib/sq ft 

helicopter gross wefght, lb 

Ld ar 

7 

blade-element angle of  attack, radians 

B Y ratio of specific heats 

CB u 60,6~,62 coefficTents in three-term drag polar 

'lC auxiliary-compressor efficiency 

I-r tip-speed ratio 
- 

P mass density of air, slugs/cu ft 

d ro tor  so l id i ty  

Subscripts : 

d design point 

P parasite-drag f la t  plate 

. t  ro tor  tip 

X blade duct 

0 free stream 

1 , diffuser inlet 
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auxiliary-compressor  inlet 

auxiliary-compressor  discharge 

tip  end of constant-area  blade  duct 

tip  combustor  inlet 

tip-jet nozzle 
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pigure 1. - Schemtic of preesure-jet components. 
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Figure 2. - Assumed configuration for pressure-jet helicopter. 



I 

. . . . . . .  

fi 

Equivalent shaft boreepnrer, percent rated 

Figure 3. - Specific fuel c o n e q t i o n  of gEm turbine m function cf equivalent shaft horaepowsr 
and shaft speed. 
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Figure 4. - Performance map f o r  pressure-jet auxiliary compressor. 
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Figure 5 .  - Continued. Power-avallable chart. 
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area/duct area, 2.0.  
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Figure 6. - WPfect of duct f r ic t ion  pressure loss and burner momentum preseure I O U 8  

on speclfic thrust. Pressure  ratio, 2.5; t i p  speed, 700 feet   per  secon8; burner 
area/duct  area, 1.5; Jet  temperature , 3000° R. 
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Figure 7 .  - Pressure-jet performance as function of 
pressure  ratio and Jet temperature.  Variable- 
ares t ip-jet   nozzle;  tip speed, 700 feet per second; 
burner area/duct area, 1.5; duct Mach number, 0 .l. 
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Figure 8. - Gas-turbine horsepower  and  thrust  spe- 
cific fuel consumption based on unit pressure-jet 
air flow. Variable-area tip-jet nozzle; burner 
area/duct  area, 1.5; compressor efficiency, 0.87. 
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Figure 9. - Net-thrust  specific  fuel consumption of pressure  jet. 
Variable-area Jet nozzle; t i p  speed, 700 feet per second; burner 
area/duct area, 1.5; duct Mach umber, 0 .L. 
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Figure 10. - Spec i f i c  thrust, r o t o r  horsepower, and 
t h rus t   spec i f i c   fue l   consunp t ion  as func t ions  of 
t l p  speed. Pressure r8ti0, 3.0; jet temperature, 
3500° R; burner  area/duc+ area, 1.5; duct Mach 
number, 0.1. 
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Figure 11. - Flight performance as function of design 
jet temperature and pressure  ratio. Tip speed, 700 
feet  per second; duct area, 0.3 x section  area; burner 
area, 0.45 X section  area. 
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Figure 12. - Jet temperature as function of elaped hovering time. Design 
Jet temperature, 3000° R; tip epeed, 700 f e e t  per secona;  duct mea/section 
area, 0.3; burner area/sectlon area, 0.45. 
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Figure 13. - Effect of burner area on f l i gh t  performance. 
Design pressure  ratio, 2.51 t i p  speed, 700 feet per 
secondj  duct  area/section area, 0.3. 
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Figure 14. - Effect of duct area on flight performance. 
Design pressure ratio,  2.5; t i p  speed, 700 feet per 
second; burner area/section area, 0.75. 
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Figure l5. - Fl ight  performance as function of design 
Jet temperature and pressure  ratfo. Tip speed, 700 
feet per second;  duct  area/section  area, O.5Oj burner 
area/section  area, 0.75. 
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Figure 16. - Flight  performance a6 function of ro to r  
t i p  speed. Variable-area tip-jet nozzle;  duct 
area/section area, 0.3; burner  srea/section area1 

' 0.45. 
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Figure 17. - Comparison of flight performance with 
variable- and fixed-area  tip-jet nozzles. Design 
pressure ratio, 3.0; t i p  speed, 700 feet  per second. 
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Figure 18. - Flight performance as function of pay Load. Pressure  ratio, 
3.0; design j e t  temperature, 3000° Rj t i p  speed, 700 feet per second; 
duct  area/section area, 0.3; burner area/section area, 0.45. 
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F igure  19.  - Rotor  performance i n  hove.rin@;and forward flight. w 

Airfoi l ,  641-012 (smooth) ; t i p  speed, 700 feet per second; ... 

a, 0.073. 

. .  

L NACA-Langley - 3 4 8 - 5 6  -150 




